Genetic control over morphological variability of primary sulci and gyri is of great interest in the evolutionary, developmental and clinical neurosciences. Primary structures emerge early in development and their morphology is thought to be related to neuronal differentiation, development of functional connections and cortical lateralization. We measured the proportional contributions of genetics and environment to regional variability, testing two theories regarding regional modulation of genetic influences by ontogenic and phenotypic factors. Our measures were surface area, and average length and depth of eleven primary cortical sulci from high-resolution MR images in 180 pedigreed baboons. Average heritability values for sulcal area, depth and length (h 2 Area = .38 ± .22; h 2 Depth = .42 ± .23; h 2 Length = .34 ± .22) indicated that regional cortical anatomy is under genetic control. The regional pattern of genetic contributions was complex and, contrary to previously proposed theories, did not depend upon sulcal depth, or upon the sequence in which structures appear during development. Our results imply that heritability of sulcal phenotypes may be regionally modulated by arcuate U-fiber systems. However, further research is necessary to unravel the complexity of genetic contributions to cortical morphology.
Introduction
Although the genetic control of primary gyrification is an area of active research, little is known about the genetic contribution to intersubject variability of cerebral landscape. The evolution of the primate brain provides, perhaps, the best evidence that cortical morphology is strongly influenced by genetic factors (Tamraz and Comair, 2006) . During evolution, newly derived primate groups such as anthropoid and hominoid primates developed larger, more gyrified brains (Martin et al., 2007; Preuss, 2007; Welker, 1990 ). Yet, the gyrification pattern of the cerebral cortex across primates is recognizable by the pattern of morphological features, called primary cortical structures, that are conserved across different primate species (Tamraz and Comair, 2006) . Primary gyrification begins in early stages of telencephalic development (Tamraz and Comair, 2006) as its onset coincides with completion of neuronal proliferation and migration and progression is accompanied by an explosive increase in cerebral growth (Armstrong et al., 1991 (Armstrong et al., , 1995 Pillay and Manger, 2007) . The onset of primary gyrification also coincides with the onset of neuronal differentiation, a developmental process that partitions the cortical ply into an intricate mosaic of specialized functional areas (Neal et al., 2007) . In Old World monkeys, apes and humans, cortical sulci and gyri appear during primary gyrogenesis in a tightly controlled ontogenic sequence (Armstrong et al., 1995; Pillay and Manger, 2007; Zilles et al., 1989) . Primary gyrogenesis is completed before birth, and is followed by the myelination of cortical axons (Armstrong et al., 1991 (Armstrong et al., , 1995 . In contrast, secondary and tertiary gyrification, more prominent in higher primates such as hominoid apes and humans, accompany postnatal cerebral growth and myelination, giving the brain its adult appearance (Tamraz and Comair, 2006) .
The ontogenic order of appearance of primary cortical structures has been extensively studied and is found to be similar among humans and nonhuman primates (Armstrong et al., 1995; Pillay and Manger, 2007; Zilles et al., 1989) . The order in which primary structures make their appearance is putatively related to such NeuroImage 53 (2010) [1126] [1127] [1128] [1129] [1130] [1131] [1132] [1133] [1134] developmental processes as neuronal differentiation, development of functional associations and hemispheric lateralization (Galaburda and Pandya, 1982; Van Essen, 1997; Welker, 1990) . Neurophysiological studies have long considered primary structures as the spatial landmarks and boundaries that form the intricate cortical mosaic of functional areas (Brodmann, 2005; Rademacher et al., 1993 Rademacher et al., , 2001a . Functional and anatomical studies in humans also established a clear pattern of function-structure relationships among primary cortical structures and functional areas. However, the extensive secondary and tertiary gyrification of the human cortex make these associations more complex in humans than in nonhuman primates (Fischl et al., 2007; Van Essen, 2004) .
Sources of individual morphological variability of the cortical landscape within a given primate species are not well understood. Detailed explanation of the causes and consequences of morphological variation in brain structure could have wide significance and numerous implications for neuroscience, psychology and psychiatry as well as for evolutionary biology. The first step in this direction is to study the proportion of individual variance that can be explained by genetic differences among related individuals. This measurement, called heritability (h 2 ), is defined as the proportion of total phenotypic variance (σ 2 p ) that is explained by additive genetic factors (σ 2 g ) (Eq. 1).
High heritability has already been established for a number of neuroimaging-based phenotypes such as total brain size, gray matter volume, regional gray matter thickness, length of the corpus callosum and volume of cerebral ventricles (see Thompson et al., 2001 for a review). In our recent analyses in one nonhuman primate species (baboons, Papio hamadryas) we found high heritability for brain volume (h 2 = .86; p b 1e−4), gray matter volume (h 2 = .67; p = .01) and cortical surface area (h 2 = .73; p b 1e−3) (Rogers et al., 2007) . The work presented here is an extension of our previous research with the goal of measuring the contribution of intersubject genetic differences to regional variation in the degree of cerebral gyrification. Several studies report high heritability estimates for phenotypes describing regional cortical morphology (Cheverud et al., 1990; Hulshoff Pol et al., 2006; Le Goualher et al., 2000; Lohmann et al., 1999 Lohmann et al., , 2007 Thompson et al., 2002) . The degree of genetic contribution to cortical morphology varies across the brain. To explain these findings, two theoretical models have been proposed, but not formally tested. The first model, suggested by a study by Cheverud and colleagues (1990) , draws a connection between developmental factors such as prenatal neurohormonal environment and the genetic versus environmental contributions to variability in the length of cortical sulci. Using an innovative approach and measuring endocranial casts from free-ranging rhesus macaques, Cheverud and colleagues (1990) found progressively lower heritabilities for the length of the primary sulci that appear later in cerebral development. This implied that lower heritability for later-appearing sulci may be due to higher contributions of environmental factors to the overall phenotypic variance across animals. They suggested that higher environmental contribution to sulcal morphology could be due to changes in prenatal hormone-mediated neurohumoral environment and tissue receptivity, which become progressively more variable during development (Cheverud et al., 1990) . A trend toward higher heritability values for primary cortical structures appearing earlier in development was also reported in humans (Brun et al., 2008; Chiang et al., 2008; Le Goualher et al., 2000; Lohmann et al., 2007 Lohmann et al., , 1999 .
The second theoretical model, proposed by Lohmann and colleagues (1999) , suggests that the genetic versus environmental contributions to morphological variability are modulated by sulcal depth, with deeper primary sulci under more genetic control than shallower structures. In their study of cortical variability in human twin-pairs, Lohmann and colleagues observed that the deepest of the cortical structures appeared to be the least affected by the environmental component of the "macromechanical forces" directing the postnatal brain growth and development. This conclusion was based in part on theories of cerebral gyrification, which postulate that the depth of individual sulci is influenced by mechanical tensions in the underlying white matter tracts (Van Essen, 1997; Welker, 1990) . Under this model, deeper cortical sulci are postulated to be formed earlier during development due to greater tension between a specific sulcal fundus and the other cortical structures to which it is "anchored" by underlying white matter tracts. Greater mechanical tension responsible for the formation of deeper sulci was thus suggested to be the reason for higher inter-twin similarity observed in these structures (Lohmann et al., 1999 (Lohmann et al., , 2008 .
The goal of this study is to formally test the two proposed theoretical models of genetic contribution to variation in cerebral gyrification. Neither of these proposed models was fully tested by the original authors due to methodological limitations in each analysis. The innovative study by Cheverud et al. (1990) measured sulcal length indirectly from the endocranial casts, based on the bony impressions on the inner surface of the cranial cavity. This limited their analysis to cortical sulci with corresponding endocranial impressions, excluding many sulci from the limbic, parietal and occipital lobes. Another limitation was that heritability estimates were calculated based on incomplete pedigree information, since the dam but not the sire was known for each study individual (Cheverud et al., 1990) . The study by Lohmann et al. (1999) had limited numbers of subjects (only 19 twin-pairs), preventing them from directly calculating the genetic contribution to sulcal variability. Instead, genetic contribution was indirectly estimated as the ratios of the within versus across twin-pairs variance. Despite not being formally tested, the proposed hypotheses have been used to explain findings in normal cortical variability and disease-specific differences observed in disorders such as bipolar depression and schizophrenia (Cykowski et al., 2008a,b; Fornito et al., 2007; Harris et al., 2004; Narr et al., 2004) . This study was designed to overcome these limitations, while analyzing a comparable set of phenotypes.
In the current study, we measure sulcal area, length and depth from high-resolution MR imaging from 180 pedigreed Papio baboons (Papio hamadryas). Papio baboons are uniquely suited among nonhuman primates for translational neuroimaging genetic research. Phylogenetically, Papio baboons and other cercopithecoids (Old World monkeys), are more closely related to humans than all other primates, with the exception of ape (hominoid) species (Stewart and Disotell, 1998) . Papio baboons express all primary cortical structures, but do not develop prominent secondary/tertiary anastomotic sulci. In apes and humans, anastomotic sulci often interfere with and/or interrupt the spatial course of the primary sulci, thus artificially increasing morphological variability and complicating phenotypic analysis. From a neuroimaging prospective, Papio baboons have the largest brains of any commonly studied laboratory primate except chimpanzees, which are apes and have more prominent secondary cortical sulci. The average cerebral volume in adult baboons (∼180 cm 3 ) is more than twice that of adult rhesus macaques or cynomolgus macaques (Leigh, 2004; Leigh et al., 2003; Martin, 1990; Rogers et al., 2007) .
Methods

Animal subjects
One hundred eighty adult Papio baboons (olive baboons, Papio hamadryas anubis, and yellow baboons P. h. cynocephalus and their hybrids) including 68 males and 112 females were selected from the large multigeneration pedigreed colony of more than 2000 baboons maintained by the Southwest National Primate Research Center at the Southwest Foundation for Biomedical Research (SFBR) in San Antonio, TX. The average age of the study animals was 16.0 ± 4.2 years [range: 7-28 years]. This age range was chosen to minimize the effects of development or senescence based on studies of cerebral ontogeny (Leigh, 2004; Leigh et al., 2003) . The genealogical relationships among study animals included 414 parent-offspring pairs, 51 full sib pairs, 645 half-sib pairs, and a large number of more distant kinship relationships.
Animal handling and MR imaging
Handling, anesthesia and imaging protocol used in this study are detailed elsewhere (Kochunov and Duff Davis, 2009; Rogers et al., 2007) . In short, high-resolution (isotropic 500 μm), T1-weighted images were acquired using a 3D IR-TurboFlash sequence optimized for anatomical imaging of baboon brain. An adiabatic inversion recovery (IR) contrast pulse with linear phase encoding schema was employed primarily because it led to a uniform tissue contrast across the imaging volume (being less affected by B1-inhomogeneity/RF penetration artifacts). The sequence control parameters (FOV = 128 mm, TI = 795 ms, TE = 3.04, TR 1 = 5 ms, TR 2 = 2000 ms and flip angle = 10°) were modeled to produce GM/WM contrast of 25% based on the analytical solutions to Bloch equations (Deichmann et al., 2000) and average measured values of T1, T2 and PD. The modeldetermined imaging sequence parameters were verified in a group of 5 animals, where group-average WM-GM contrast was calculated to be 25.2 ± 2% (range: 22-26%). Image acquisition was performed using a retrospective motion-corrected protocol (Kochunov et al., 2006) . Under this protocol, six full resolution segments, 9 min long each, were acquired for a total sequence running time of ∼54 min.
Image processing and analysis
The image processing pipeline consisted of the following steps: removal of non-brain tissue, correction for spatial variations in intensity due to scanner radio-frequency inhomogeneity and global spatial normalization to a population-based template to reduce global variability in brain size and orientation (Rogers et al., 2007) (Fig. 1A and B). Next, object-based-morphology (OBM) methods were used to characterize individual cortical variability (Kochunov et al., 2005; Mangin et al., 2003) . The OBM approach is a recognition model that parcelates the cortical landscape into objects representing the regional in-folding (sulci) and out-folding (gyri) (Mangin et al., 2003) . OBM characterizes gyral and sulcal variations by parcellating the cortex into simple 2D surfaces. During OBM processing pial and gray matter/white matter interfaces are reconstructed from the tissue segmented image (Fig. 1C-F) . A "crevasse detector" is used to delineate the shape of the individual sulcal surfaces based on topological criteria (Fig. 1G ). Topologically, a sulcal surface is defined as the 2D surface that passes midway between the opposing gyral banks. The sulcal surface spans the entire space contained in a sulcal fold, from the most internal portion (the fundus) and its intersection with the local convex hull of the overall "brain envelope" surface (the top ridge). The sulcal surface can be conceived as the skeleton of the CSF volume contained between the two opposing gyral walls that form the sulcal fold (Mangin et al., 1995 (Mangin et al., , 2004 . In the final step, sulcal structures are identified and labeled (Fig. 1H) .
Measuring sulcal length, depth and area
One composite measurement (surface area) and two linear measurements (sulcal length and depth) were made for each of the sulci shown in Table 1 in every study animal. As shown in Fig. 2 , a sulcal structure is defined by its exterior boundary (top ridge), interior boundary (fundus) and a surface composed of the loci that are equidistantly located from the opposing gyral banks that formed the sulcal fold. The composite measurement, sulcal area, was calculated as the area of the sulcal surface. Sulcal length and depth were measured using previously published methods (Cykowski et al., 2008a) (Fig. 2) . In short, each sulcal surface was parameterized using a heat diffusion Fig. 1 . Structural MRI data were processed using object-based-morphometry pipeline. Brain images were processed with the following steps: skull-stripping (A); RF-homogeneity correction and spatial normalization (B); hemispheric and tissue segmentation (C, D), extraction of GM and WM surfaces (E, F); Identification of sulcal surfaces using crevasse detector (G); Identification and labeling of sulcal structures (H).
model. Sulcal surface features consisting of (1) the fundus, (2) the exterior boundary and (3) the poles where two ridges meet are used as heat sources creating a gradient of heat along the sulcal surface. A system of second order differential equations is numerically solved to calculate a distribution of temperatures along the sulcal surface (Coulon et al., 2006) . A 2D (x, y) coordinate system is then created by fitting isothermal lines along and normal to the direction of sulcal fundus and top ridge. The length of the sulcus was defined as the average length of 100 isothermal curves uniformly placed along the sulcal surface, continuously collinear with the fundus and the top ridge. The length of the isothermal curves was calculated by fitting the points on the isothermal curve with non-uniform cubic spline curves. Sulcal depth was similarly defined as the average length of 100 curves uniformly placed along the sulcal surface, perpendicular to the sulcal fundus and its top ridge. These curves were calculated by fitting the gradient of the isothermal lines, along the direction normal to fundus/ (Table 1) . Bottom panel: A sulcal surface for the central sulcus is shown on a transparent cortical mesh (top). Three measurements were performed for each sulcal structure. The composite measurement sulcal area was measured as the surface area of the sulcal surface (middle). To compute two linear measurements, sulcal depth and length, sulcal surface was parameterized using a heat diffusion model. The length of the sulcus was measured as the average length of 100 isothermal lines fitted along the sulcal surface, continuously collinear with the fundus and the top ridge (three lines are shown in red, yellow and blue). Sulcal depth was calculated as the average length of 100 isothermal lines, along the sulcal surface, between the sulcal fundus and its top ridge (black lines).
top ridge, with non-uniform cubic spline curves throughout the sulcal surface (Fig. 2) . Sulcal measurements were performed in both brain hemispheres and interhemispheric average values for sulcal area, length and depth were subjected to genetic analysis. The computational tools used for performing morphological sulcal measurements are available at http://ric.uthscsa.edu/personalpages/petr/.
Selection and labeling of sulcal structures
Eleven prominent primary sulcal structures were selected for this experiment. Cerebral sulci were named and labeled based on the schema from a combined histological/MRI rhesus brain atlas developed by Saleem and Logothetis (2007) (see Table 1 and Fig. 2, top) . Cerebral sulci used in this study included all the primary sulci in a baboon brain, with the exclusion of the Sylvian fissure whose medial boundary extractions was unreliable. Sulcal phenotypes were averaged for both hemispheres to reduce the number of dependent measurements.
Quantitative genetic analysis of sulcal phenotypes
Variance components methods, as implemented in the Sequential Oligogenic Linkage Analysis Routines (SOLAR) software package (http://solar.sfbrgenetics.org) (Almasy and Blangero, 1998) , were used to estimate the heritability of measured traits. The algorithms in SOLAR employ maximum likelihood variance decomposition methods and are an extension of the strategy developed by Amos (1994) . Briefly, the covariance matrix Ω for a pedigree of individuals is given by Eq. (2).
where the σ 2 g is the genetic variance due to the additive genetic factors, Φ is the kinship matrix representing the pair-wise kinship coefficients among all animals, σ 2 e is the variance due to individualspecific environmental effects, and I is an identity matrix. The kinship matrix (Φ) is calculated based on the known breeding records and is confirmed with molecular genetic testing that identifies parentoffspring relationships among baboons. This produces a multigenerational pedigree that summarizes the genetic relationships among all individuals. For additional explanation of the variance components approach in this context, see Almasy and Blangero (1998) and Blangero et al. (2001) .
Heritability (h 2 ), the portion of phenotypic variance (σ 2 p ) that is accounted for by additive genetic variance (Eq. (1)), is assessed by contrasting the observed phenotypic covariance matrix with the covariance matrix predicted by kinship. Significance of heritability is tested by comparing the likelihood of the model in which σ 2 g is constrained to zero with that of a model in which σ 2 g is estimated. Twice the difference between the two log e likelihoods of these models yields a test statistic, which is asymptotically distributed as a 1/2:1/2 mixture of a χ1 2 variable and a point mass at zero. Prior to testing for the significance of heritability, phenotype values for each individual are adjusted for a series of covariates. In our analysis we used a polygenic model that estimated the influence of specific variables (additive genetic variation, and covariates including sex, age, age 2 , age × sex interaction, age 2 × sex interaction and random unidentified environmental effects) calculating heritability and its significance (p-value) for each trait's variance within this population. The level of significance for the heritability analysis for individual sulci was set at p ≤ .001 to reduce the probability of type 1 errors associated with multiple (11) measurements.
Results
Cortical phenotypes
The average sulcal length for eleven structures was 39.8 ± 13.5 mm, with the superior-temporal sulcus (STS) being the longest at 72.5 ± 3.6 mm and the principal sulcus being the shortest at 26.1 ± 3.5 mm ( Table 1 ). The average depth of cortical sulci was calculated at 10.9 ± 4.0 mm, with STS being the deepest at 17.8 ± 1.0 mm and occipital-temporal sulcus being the shallowest at 6.2 ± 1.5 mm. The average sulcal area was 598.3 ± 535.5 mm 
Genetic analysis of cortical phenotypes
On average, ∼40% of the morphological variability in sulcal area, depth and length was attributed to genetic variation (Table 2 ). All eleven sulci showed a significant heritability at the level of p b .05 for at least one of the measurements; however, only the central sulcus showed significant heritability at the level of p b .001 for all three measurements (Table 2 ). Gender, age and age 2 were among the significant covariates explaining on average about 6% of phenotypic variability. There were no significant age by sex and age 2 by sex interactions for any of the phenotypes. The heritability pattern for sulcal area was significantly correlated with the heritability patterns for sulcal depth (Pearson's r = .71; p = .02) and length (Pearson's r = .61; p = .05). Heritability patterns for the length and depth measurements were not significantly correlated with each other (Pearson's r = .25; p = .5). Heritability of sulcal measurements varied by region and by phenotype. Sulcal area and depth measurements produced the largest Table 2 Heritability ± standard error, the proportion of the total variance explained by covariates, and p-values are shown for sulcal area, depth, and length for 11 primary cortical sulci. number of significantly heritable traits. For sulcal area, the highest heritability was observed for the central sulcus (CS) (h 2 = .92), which was followed by ECAL (h 2 = .59) and the lowest estimated heritability was seen for the IPS (h 2 = .15; p = .3). For sulcal depth, the highest heritability was also seen in the central sulcus where it approached 1.0 followed by the lunate (LU) and superior-temporal (STS) sulci (h 2 = .66 and .55; respectively, p ≤ .001). The rest of the sulci did not show significant heritability at p ≤ .001. The pattern of heritability for sulcal length was spatially diverse. Four sulci showed significant heritability values (p ≤ .001) ranging from h 2 = .67 (p b 1e−3) for inferior occipital (IOS) to h 2 = .50 (p = .03) for external-calcarine sulcus (ECAL) ( Table 2) .
Tests of a priori models
Testing of two previously proposed models of regional differences in heritability in cortical morphology did not produce significant findings. To evaluate the first model, suggesting that heritability patterns are modulated by each structure's ontogenic age, the heritability values versus embryological day (ED) of appearance (Fukunishi et al., 2006; Kashima et al., 2008) were plotted ( Fig. 3 ; Tables 1 and 2 ) No significant trend between heritability values and ED was detected for any of the sulcal phenotypes. The numerically highest correlation was seen for the sulcal length (Spearman's ρ = .34; p = .3). This trend was positive, indicating a higher genetic influence over developmentally later-appearing structures and therefore contrary to the original hypothesis. In our test of the second explanatory model, we observed no apparent relationship between heritability for sulcal phenotypes and the sulcal depth ( Fig. 4; Table 3 ). Regional pattern of heritability for area and length was also independent of sulcal depth (Fig. 4) . The numerically highest correlation (Pearson's r = −.47; p = .2) was observed between the heritability values for the sulcal length and the phenotypic sulcal depth. The sign of the correlation coefficient was opposite of what would be expected and its magnitude was not significant. We further investigated whether any of the sulcal phenotypic values, e.g., area, length and depth, were correlated with regional heritability values. The results, presented in Table 3 , showed no apparent associations, indicating that average sulcal area, length and depth could not explain regional differences in heritability.
Discussion
We measured the degree of genetic and environmental contributions to regional variability of sulcal area, length and depth and tested previously proposed theories of regional modulation of genetic influences by ontogenic and phenotypic factors. We found that the cortical phenotypes were moderately heritable with genetic factors explaining about 40% of intersubject differences and this was consistent with the typical heritability values reported for morphological traits (Mousseau and Roff, 1987) . The regional pattern of heritability for cortical phenotypes was diverse and its variability results could not be explained by the two previously proposed models of genetic influences over gyrification.
We replicated some of the trends reported by the study by Cheverud and colleagues, even though their work examined rhesus macaques and we studied baboons. They calculated heritability of sulcal length for five cortical sulci, four of these sulci were included in our analysis (arcuate (AR), central (CS), principal (PS) and superiortemporal (STS)). The, fifth structure, Sylvian fissure, was excluded from our analysis for methodological reasons as its medial boundary could not be reliably extracted. Our findings for the average heritability of sulcal length (h 2 = .34 ± .21) in baboons were similar to that reported for rhesus macaques by Cheverud and colleagues (h 2 = .31). In addition, the regional pattern of heritability values was (Cheverud et al., 1990) . 1 We did not observe significant heritability for the length of AR. Nonetheless, heritability values for the remaining 3 sulci were highly similar. Cheverud et al. (1990) interpreted the regional differences in heritability as possibly being modulated by the ontogenic factors. Specifically they suggested that lower heritability values for cortical sulci appearing later during development could be due to increases in the variability of the prenatal hormone-mediated neurohumoral environment. Although we were able to replicate this trend in the subset of four sulci common to both analyses (AR, CS, PS and STS), where heritability estimates showed a trend toward a decline with advancing embryological day of appearance, this relationship was not statistically significant (Spearman's ρ = −.63, p = 0.37) (Fig. 3, middle) . In addition, this trend was not present in the full set of sulci in our study where the correlations between ED and heritability of sulcal length were positive but non-significant (r = ∼.4; p = .5), therefore rejecting this model (Fig. 4, middle) . This finding suggests that the genetic contribution to the variability of cortical phenotypes was not modulated by the ontogenic order of their appearance. Some developmental biologists have suggested that earlier appearing structures will be more tightly controlled by genetic factors during development, thus leading to higher heritabilities. However this assertion is not consistent with our results nor those of others who note that the earliest developing structures are clearly evolvable through the course of the evolutionary history (Raff, 1996) , and may be susceptible to environmental perturbations. We were also unable to replicate the findings of colleagues (1999, 2007) who suggested that deeper sulci have higher heritability values. The highest heritability in sulcal depth was observed for CS (h 2 = .99, p = 10 −10 ; average depth = 11.9 ± .7 mm) and the heritability of the depth for the deepest sulcus, IPS, was not significant (h 2 = .12, p = .12; average depth = 19.1 ± 1.6 mm). Our exploration showed that of the heritability values for none for phenotypic measurements (e.g., area, length or depth) appeared to be significant modulated by sulcal depth (Fig. 4 ; Table 3 ). Our findings suggested that the regional pattern of genetic contribution to the variability of cortical landscape was more complex than previously suggested. Neither developmental nor phenotypic factors were able to explain the regional differences in heritability of sulcal phenotypes. Estimated heritability for the central sulcus' (CS) depth and area approached 100%, yet the heritability of its length was only half of that figure. The central sulcus is a unique cortical structure, which consistently separates the frontal and parietal lobes in all gyrencephalic primates, including humans (Tamraz and Comair, 2006) . The fundus (bottom ridge) of CS draws a distinct boundary between primary motor and primary sensory cortices separating functional areas BA4 and BA3-1-2. Another interesting morphological feature of CS is an intricate system of short white matter associative fibers, known as U-fibers, arching under the floor of the sulcus and connecting the opposing primary motor and sensory cortices (Boling et al., 2008; Cykowski et al., 2008a) . Higher heritability values for depth versus length were observed in four other sulci (CGS, IPS, LU, POS and STS) that are known to separate distinct cyto-and myeloarchitectural areas and that have well developed U-fiber system. As a group these four sulci had heritability values for depth about twice as high as heritability values for length (h 2 Depth = .38 ± .22 vs. h 2 Lenght = .21 ± .17); however, this difference only approached significance (paired two-tailed t-test, t = 2.2, p = .09).
In contrast, sulci surrounded by cortex with similar myelo-and microarchitectonic areas showed higher heritability for length rather than depth. For sulci such as ECAL, IOS, OTS and PS, the average heritability for sulcal length was about twice as high as heritability for sulcal depth (h 2 Lenght = .59 ± .08 vs. h 2 Depth = .32 ± .16). Again, this difference was not significant (paired two-tailed t-test, t = 2.1, p = .11). Sulci that are enveloped by similar functional areas are characterized by the U-fiber white matter connection pattern that generally does not link opposing gyral banks, but rather extends to nearby gyri (Schmahmann and Pandya, 2006) . It is tempting to suggest that the differences in the gyral white matter connection patterns may explain some portion of the regional differences in heritability. However, we are unable to directly test this hypothesis as cortical sulci, other than the central sulcus, are of a mixed type as they express both types of U-fibers along their course. For example, the superior branch of AR is enveloped by the area BA8 with U-fiber tracts extending in the superior and inferior directions (Schmahmann and Pandya, 2006) . In contrast, its inferior branch, which separates BA45 on the anterior aspect from BA44 and 47 on the posterior aspect, has a well developed U-fiber system connecting the neighboring gyral banks (Schmahmann and Pandya, 2006) . The direct test of this hypothesis would require a dataset describing regional variations in individual patterns of short and long distance white matter connection, such as high-resolution diffusion tensor imaging data. Further research that incorporates this data along with markers of cortical morphology is needed for a conclusive genetic study of cerebral gyrification.
Methods and limitations
Our study was performed in baboons (Papio hamadryas). Our choice of experimental animals introduced two limitations. The first limitation is that the hypothesis regarding the modulation of the heritability of the sulcal length by developmental factors was tested using the ontogenic measurements from cynomolgus monkeys (Macaca fascicularis) (Fukunishi et al., 2006; Kashima et al., 2008) . Despite the fact that the ontogenetic order of sulcal structures being preserved among Old World primates (Armstrong et al., 1995) , this is a limitation as the null hypothesis is being accepted based on a small number of sulci that appear within days of each other during primary gyrification. However, our preliminary data on the ontogeny of cerebral gyrification in baboons based on longitudinal in utero imaging of fetal brain development in baboons (study in progress) show a good concordance with the ontogenetic pattern reported for macaques. A second limitation is that our sulcal classification and the pattern of associated functional areas (Table 1) were based on data from rhesus macaques (Saleem and Logothetis, 2007) . However, primary sulcal and gyral patterns are similar between these two species, and we felt that this again was a minor limitation.
Conclusion
This work is an expansion of our previous research on genetics of brain morphology in nonhuman primates (Rogers et al., 2007) . Here, we studied genetic contributions to regional morphological variability of cerebral cortex and evaluated two previously proposed models of genetic contribution to variability in cerebral sulcation. The first model, proposed by Cheverud and colleagues, was based on a concept that the morphology of earlier developing brain structures is more genetically predetermined. This model suggested that the structure's ontogenic age is a modulating factor for the fraction of morphological variability explained by genetic factors (Cheverud et al., 1990 ). The second model proposed by Lohmann and colleagues suggested that the morphology of deeper sulci is more genetically predetermined, with sulcal depth acting as a modulating factor of genetic contribution. Neither of these models was fully tested by their original authors due to methodological limitations. However, our results did not support either of these models. Although we replicated the trend of negative correlation between heritability and embryological age reported by Cheverud et al. in a subset of structures common to both studies, this trend was not observed in the complete dataset, where the sign of the correlation was opposite to what's predicted by the model, hence rejecting it. We were unable to replicate the finding of a high positive correlation between heritability and sulcal depth reported by Lohmann et al. (1999) , therefore rejecting the second model. In the post-hoc analysis we observed that heritability of sulcal depth was higher than heritability of sulcal length for the sulci that separate distinct cyto-and myeloarchitectural areas. Interestingly, a contrasting relationship was observed for sulci enveloped by cortex with similar myelo-and microarchitectonic areas. These sulci showed higher heritability for length rather than depth. We suggested this could be an indication that the differences in the gyral white matter connection patterns may explain some portion of the regional differences in heritability. Further research that incorporates individual differences in white matter connections is needed for a genetic study of cerebral gyrification that can address the causes of differences in heritability across sulcal phenotypes and regions.
